dative iodination with use of Chloramine T or 1,3,4,6-tetrachloro-3,6-diphenylgIycoluril (lodogen) were structurally altered by the labeling procedure, as was made apparent by gel filtration and electrophoresis on polyacrylamide gel. Tracers prepared by conjugation to radioiodinated N-succinimidyl-3-(4-hydroxyphenyl)propionate retained their structural integrity, as assessed by physicochemical methods. Such tracers bound more than 90% in antibody excess, yielded self-displacement curves parallel to unlabeled ferritin standards, and retained their immunoreactivity for nine weeks. By contrast, immunological activity and stability of tracers prepared by the oxidative methods were less satisfactory. Tracers prepared by using lodogen were unsuitable for use in the ferritin radioimmunoassay because of shallow standard-inhibition curves and poor binding in the absence of added standard.
Thus, we found the conjugation procedure to be the most suitable of the three methods for preparation of spleenferritin tracers.
Proteins can be radioiodinated directly by substitution into tyrosine or histidine residues of the polypeptide chain, and indirectly by conjugation of a radioiodinated moiety to the epsilon amino side chains of lysine residues. Direct iodination is done by oxidation of the radioiodide in the presence of the protein-either chemically, generally with use of Chloramine T as oxidizing agent (1) , or enzymatically, by use of a lactoperoxidase coupled oxidation (2) . Recently, the use of an insoluble oxidizing agent, 1,3,4,6-tetrachloro-3a,6a-diphenylglycolunil (lodogen), has been described for protein iodination (3, 4) . This has the theoretical advantage that the protein is not exposed to a strong solution of chemical oxidizing agent. Indirect or conjugation labeling avoids any exposure of the protein to either oxidizing or reducing agents (5).
The preparation of radioiodinated ferritin by the Chioramine T method has been described (6, 7), but some workers have encountered low yields and a loss of immunoreactivity of labeled fernitin prepared by this procedure (8, 9), and the resulting tracers may be unstable (10, 11) . By contrast, con- 12) . However, the two methods have never been compared with use of the same purified ferritin preparation, and hence the different labeling techniques could not be validly compared.
We have investigated the labeling of a single preparation of purified human spleen ferritin by the indirect conjugation labeling method (5) and by two direct iodination methods with use either of soluble Chloramine T (1) or lodogen (3, 4) as oxidizing agent. The labeled tracers thus prepared have been compared both physicochemically and in a ferritin radioimmunoassay system.
Materials and Methods

Reagents
All reagents were "Analar" or equivalent in grade. Assay diluent was 50 mmol/L sodium phosphate buffer, pH 7.4, containing, per liter, 1 g of bovine serum albumin (Armour Pharmaceuticals Ltd.) and 1 g of sodium azide.
Purification of Ferritin
Fernitin was isolated from human spleen, obtained postmortem, by the method of Aherne et al. (13) . The final product was purified by gel filtration on a 1.6 X 55 cm column of Sepharose-6B, being eluted with 10 mmol/L sodium phosphate buffer, pH 7.4, containing 1 g of sodium azide per liter. When subjected to polyacrylamide gel electrophoresis this preparation ran as a single band (Figure la) . Aliquots of this material were dialyzed in 50 mmolfL sodium borate buffer, pH 8.5, containing 1 g of sodium azide per liter, for labeling by the conjugation method. The ferritin concentration was measured by an independent radioimmunoassay method ("Gammadab"; Clinical Assays, Cambridge, MA 02139) and the concentration was adjusted to 1 g/L with the appropriate buffer. Dilutions of this solution were used for radioimmunoassay standards.
Human liver ferritin, used for raising anti-ferritin antiserum and for comparisons with purified spleen ferritin standards, was similarly prepared. Apoferritin was prepared from purified spleen ferritin by dialysis against thioglycolate solution (14) . Reconstituted iron-containing ferritin was prepared by reacting apoferritin with ferrous ammonium sulfate (6).
Polyacrylamide
Gel Electrophoresis A solution containing The reaction was allowed to proceed in an ice bath for 10 mm, with agitation every minute. The contents of the reaction tube were diluted with 250 iL of 50 mmol/L phosphate buffer, pH 7.4, and then transferred to a gel filtration column for separation.
Isolation and Purification of Labeled Ferritin
The products of each labeling reaction were separated by gel filtration on 80 g/L agarose (A5M; Bio-Rad Labs., Richmond, CA 94804). Columns (0.9 X 58 cm) were equilibrated with assay diluent and saturated with protein, by eluting 1 mL of a 70 g/L bovine serum albumin solution, before chromatography of the reaction mixtures. The columns were eluted at room temperature at a rate of 20 mL/h, and 0.5-mL fractions were collected.
Labeled ferritin obtained after gel filtration was further purified by ion-exchange chromatography on DEAE-Sephadex A25 (Pharmacia GB, Ltd.). DEAE-Sephadex A25 was equilibrated in assay diluent and 0.5 X 6 cm columns were poured. Labeled ferritin was applied in assay diluent and the columns were washed with assay diluent until the nonabsorbed labeled material was removed. Labeled ferritin was eluted from the column with 250 mmol/L phosphate buffer, were assessed by self-displacement of labeled ferritin (16) , allowing a comparison of the parallelism of response of labeled and unlabeled ferritin and also the incorporation of tracer into the assay on a mass basis to compensate for differences in specific radioactivities.
We investigated the stability of ferritin tracer stored in assay diluent at 4 #{176}C by comparing standard curves prepared at weekly intervals.
Results
A total of 17 iodinations were performed: six by the conjugation method, five by the Chloramine T method, and six by the lodogen method. All three iodinatmon methods yielded labeled material eluting at the void volume of the column of agarose (peak 1), and a salt peak (peak 4, Figure 3a , b, and c). We presumed peak 1 to be aggregated ferritin (10) . Immunoreactive tabeled ferritin (identified by binding in antibody excess) was present in all preparations (Figure 3 ). Ferritin iodinated directly by the oxidation methods did not yield a distinct peak of radioactivity coincident with the main area of immunoreactivity (Figure 3a and b) , suggesting that the ferritin had been partly altered during the labeling reactipn. By contrast, ferritin labeled by conjugation yielded four clearly defined peaks (Figure 3c) , the second of which was coincident with ferritin immunoreactivity.
The last two peaks represent hydrolyzed and glycine-conjugated reagent, either free (peak 4) or bound to albumin (peak 3).
Binding of the most immunoreactive fraction to excess antiserum amounted to 40% for material labeled by use of lodogen, 49% for material labeled by use of Chloramine T, and 67% for material labeled by conjugation. Immunoreactive labeled ferritin from gel filtration was further purified by ion-exchange chromatography on DEAE-Sepadex A25, with use of a single-step elution with a buffer 250 mmol/L with respect to phosphate. The labeled material was separated into two fractions; that eluting with the more concentrated phosphate buffer contained the immunoreactive protein.
Binding of the purified tracers in antibody excess was 62% for the material labeled by use of We iodinated 20-zg amounts of ferritin with unlabeled iodine by all three techniques, and subjected the reaction mixtures to..electrophoresis on polyacrylamide geL Both unreacted ferritin and ferritin iodinated by the conjugation method ran as single clear bands (Figure la and d) . The oxidative iodination meQiods gave less-distinct patterns, and both contained components that migrated faster and slower than native ferritin (Figure lb and c) . In the case of ferritin labeled by the Chioramine T method, the major band was resolved into three components (Figure ib) , but in preparations labeled by the lodogen method these were less obvious (Figure ic) . Unlike the original material and that iodixated by the conjugation method, there was consideralile streaking of protein in these gels, indicating breakdown of the ferritin molecule. Figure 4 shows comparisons of the slopes of self-displacement curves prepared by use of radioiodinated spleen ferritin with inhibition curves prepared by use of unlabeled spleen ferritin standards. Spleen ferritin tracers prepared by the conjugation method yielded self-displacement curves that paralleled those with unlabeled spleen ferritin. Spleen ferritin however, an approximate figure of 3 to 5
Ci/g was calculated from these curves, as compared with 4.8 2.2 (SD) Ci/g for tracers prepared by the conjugation method.
We compared the inhibition curve for purified spleen ferritin with that for purified liver ferritin in the radioimmunoassay system, using spleen ferritin tracer labeled by the conjugation method and antiliver frritin antiserum. Both curves were superimposable, indicating that these two purified ferritin preparations had identical immunoreactivity in the system. Similarly, when we used an antiserum raised against purified spleen ferritin, both liver and spleen ferritin again yielded superimposable curves. Spleen apoferritin and reconstituted iron-containing ferritin also had identical immunoreactivity to that of native purified spleen ferritin.
Serum samples containing high concentrations of ferritin, when serially diluted with assay diluent, gave a response in the ferritin radioimmunoassay system parallel to the spleen ferritin standards. Also, saline extracts of placenta, fetal liver, and fetal spleen showed responses that paralleled those for purified spleen ferritin from adults. We ran standard inhibition curves, using fresh tracer and tracers that had been stored for as long as nine weeks at 4 #{176}C. Tracers freshly prepared by both the Chloramine T and conjugation methods yielded curves with a similar slope ( Figure 5) , and 50% inhibition of specific tracer binding (after subtraction of nonspecific binding) was obtained with 19 and 15 gg/L ferritin standard, respectively. Tracers freshly prepared by the lodogen method yielded shallow curves, and 50% inhibition of specific tracer binding was obtained with 80 ig/L of standard ferritin, indicating a reduction in sensitivity. The low zero-standard binding and shallow curves rendered these tracers unsuitable fr stability studies.
Tracer labeled by the conjugation method maintained a high zero-standard binding for as long as nine weeks, accompanied by only a small increase in nonspecific binding (counts precipitated in the absence of added anti-ferritin antiserum) over this period (Table 1) . Ferritin labeled by the Chloramine T method showed lower zero-standard binding, which decreased progressively with time.
Discussion
We have compared the use of three different iodination methods for labeling the same preparation of human spleen ferritin.
The two methods involving chemical oxidation The fact that the lodogen method gave tracers of lower immunoreactivity than the Chloramine T method is surprising, because lodogen has been claimed to be a mild reagent, requiring only removal of the protein from the oxidizing agent to terminate the reaction (3, 4) . This is in contrast to the Chloramine T method, in which reducing agent is added to terminate the reaction (1). However, the lodogen is sparingly soluble in aqueous media (3) and the elution pattern of ferritin radioiodinated with this reagent (Figure 3c ) shows labeled material corresponding to albumin. This could have become labeled only after the reaction mixture was removed from the lodogen. Thus, it is possible that the presence of small amounts of this oxidizing agent in the labeled ferritin preparations may account for the reduced immunological activity of ferritin tracers prepared in this manner. In our radioimmunoassay system we used spleen ferritin tracer prepared by the conjugation method, purified spleen ferritin standards, and an antiserum raised against purified liver ferritin. This system was capable of measuring circulating concentrations of ferritin. Adult spleen and liver ferritin, fetal spleen and liver ferritin, and placental and serum ferritin all exhibited parallel responses in this system. Thus the assay developed by use of the conjugation method for preparing the ferritin tracer would appear to be a valid system for measuring circulating concentrations of ferritin in serum. Apoferritin and reconstituted iron-containing ferritin prepared from purified spleen ferritin also had a parallel response in the system. This contrasts with the results of Porter (6), who found that spleen apoferritin gave a shallower inhibition curve than either native or reconstituted ferritin. This difference probably reflects differences in the specificity of the antisera used in the two series of experiments. Isolated reports describing single methods of radioiodination cannot be used for valid comparisons of the relative merits of iodination procedures, because even separate batches of the same protein may vary in their response to different labeling methods. Our present findings, based on a simultaneous comparison of three labeling methods, show that the conjugation method is the most suitable for the preparation of spleen ferritin tracers, and emphasize the need to carry out such studies on any protein to be radioiodinated for use in radioimmunoassay systems.
